A microcalorimetric technique was used for studying the growth of Escherichia coli during anaerobiosis. The growth thermograms obtained are complex and the shape of curves is dependent on the hydrogen lyase activity of the cells. Fermentation balances are given for different culture conditions, and simple growth thermograms are obtained when the hydrogen lyase activity is inhibited.
A microcalorimetric technique was used for studying the growth of Escherichia coli during anaerobiosis. The growth thermograms obtained are complex and the shape of curves is dependent on the hydrogen lyase activity of the cells. Fermentation balances are given for different culture conditions, and simple growth thermograms are obtained when the hydrogen lyase activity is inhibited.
A great deal of work has been done on microbial growth using calorimetry (2-5, 13, 17) . When the organism studied has a simple degradative pathway for carbohydrate, for example Zymomonas mobilis growing anaerobically on glucose (5) or Saccharomyces cerevisiae growing on hexose (13), the energy-limited growth thermograms were very simple and their analysis was easy. This is not the case for organisms having complex degradative pathways. The purpose of this paper is to study the complex hexose fermentation of Escherichia coli using the calorimetric technique. MATERIALS Cultivation techniques. Twelve liters of medium were incubated in a Chemap F0020 fermentor (Chemapec Zurich). The pH was maintained constant to within 0.1 pH unit by automatic addition of potassium hydroxide. Nitrogen was continuously flushed through the medium. Samples were withdrawn at different times of growth and at different times of the stationary phase for the assay of the fermentation products.
Microcalorimetric technique. The microcalorimetric experiments were performed with a Tian Calvet differential isothermic calorimeter, the properties of which are described in a monograph of Calvet and Prat (8) . The experiments were done as previously described (2 Conway (9) . Carboxylic acids were separated using the chromatographic technique described by Bove and Raveux (7) . The organic acids were extracted with ether at pH 2, separated by partition chromatography, and titrated with 0.01 N sodium hydroxide solution. Lactic acid was also determined by the Barker and Summerson method (1) . Hydrogen lyase activity was measured by the estimation of the rate of H2 formation in a Warburg apparatus at 30 C using the technique described by Gest and Peck (10) . The cell suspensions were prepared from cultures incubated at 30 C for 10 or 40 h. The cells were washed with degassed water and resuspended in phosphate buffer (0.1 M; pH 6.5) under nitrogen atmosphere. All the solutions used for the determination of hydrogen lyase activity contained chloramphenicol (100 jig/ml) to prevent any induction of protein synthesis. Figure 1 shows a thermogram of E. coli K-12 322 growing at pH 6.5 on synthetic medium in which gLucose was the limiting growth factor. This thermogram is different from those obtained with Z. mobilis (2) and S. cerevisiae (4) growing under the same physiological conditions. The difference is due to two thermic events that occur during the growth of E. coli, whereas only one thermic peak was observed 14 during the growth of the other two organisms. Surprisingly, the E. coli growth thermogram carried out at pH 7.8 (with the same initial glucose concentration) shows only one thermic event (Fig. 2) .
RESULTS
Three hypothesis can be advanced to explain the difference between the thermograms obtained at pH 6.5 and at pH 7.8: (i) at pH 6.5 the concentration of energy substrate (i.e., glucose) is not really the limiting factor for growth but it is limiting at pH 7.8; (ii) at pH 6.5 the growth of E. coli is diauxic; *and (iii) at pH 6.5 two different types of fermentation occur with and without growth.
Hypothesis (i) can be discarded since (Fig. 3 ) the plots giving the final bacterial density versus glucose fermented are identical for growth at both pH values. These experiments show that the glucose growth yields are the same at pH 6.5 and 7.8. Moreover, the fact that the final optical densities obtained for the glucose concentrations used in the two experiments (thermograms of Fig. 1 and 3 has disappeared. At pH 7.8 the results are quite different (Table 2) . In this case all the formic acid evolved during growth is still in the medium after 40 h. From these determinations it can be concluded that hydrogen lyase activity is lacking during the growth phase at pH 6.5 and present only after the depletion of glucose. Therefore, it seems as though the second heat peak of Fig. 1 is related to the cleavage of formic acid. Figure  4 shows a growth thermogram of a hydrogen lyase-less mutant of E. coli (strain 376 P4x) at pH 6.5, i.e., under the same physiological conditions as those used for the experiment of Fig. 1 . In this case the thermogram is one of classical energy limited growth, that is, no second heat peak appears after the depletion of glucose. Also, as reported in Table 3 , the formic acid is accumulated during growth and does not disappear even 40 h after the end of the growth. This experiment is consistent with hypothesis (iii).
The glucose fermentation balances reported in Tables 1, 2 , and 3 show significant differences only for formic acid. All the other products determined, that is, ethanol, acetic acid, and succinic acid, are in the same proportions for (6) who found large quantities of lactic acid. Moreover, the percentage of glucose carbon recovered as fermentation products before the cleavage of formic acid was only 80%; the carbon coming from glucose and incorporated in the cell material was estimated according to the method of Luria (12) .
The fact that no hydrogen lyase activity occurs during the logarithmic growth phase raises the problem of the regulation of this enzymatic activity. Do the components of the hydrogen lyase system exist during the log phase? The answer to this question is given by Table 4 where it can be seen that resting cells prepared from a logarithmically growing culture have the same hydrogen lyase activity as resting cells prepared from a stationary phase culture. a Assays (30 C) were done in a Warburg apparatus with 0.3 ml of cell suspension in 0.1 M potassium phosphate buffer (pH 6.5); KOH in center well. Final fluid volume = 1.5 ml.
Moreover, glucose does not inhibit the hydrogen lyase activity (Fig. 5 and 6 ). From these results it can be concluded that all the components of the hydrogen lyase system are present during the log phase but without activity. The inhibitor of the hydrogen lyase activity is not simply the energy substrate but is probably related to the phenomenon of growth.
DISCUSSION
The E. coli anaerobic growth thermograms reported here show biphasic curves at pH 6.5 but not at pH 7. would seem that the second heat evolution is due to the cleavage of formic acid. Unfortunately the enthalpy of formic acid cleavage in the buffer used in the calorimetric experiments is too small to explain the second heat peak. So it is possible to estimate the heat corresponding to the cleavage of the formic acid and the formation of carbonate in the medium from the data of Table 5 (5) .
